Introduction
For several years, ecotoxicological studies worldwide have emphasised the benefits of using rapid, sensitive, reproducible and cost-effective bacterial assays for toxicity screening and assessment as they can offer an easy record of the effects on living organisms. Bioassays using higher organisms (fish, crustacean, etc.) are characterised by a long reproductive period, a long sensing time and high costs. Bioassays using bacterial cells have been developed to reduce the costs and duration of experiments and they can be usefully employed as early warning screening methods thanks to their rapid response to biological or chemical toxins. The additional property of the whole-cell bacterial biosensors is to provide measurements of the bioavailable fraction of toxic compounds. The ease of use of bacterial bioassays represents another advantage compared to traditional methods. As a result there is a growing interest from regulatory and research institutions, except those in the biomedical field, in employing highly sensitive and specific bacterial techniques for analytical purposes [1] .
A bioluminescence (BL) inhibition assay using Vibrio fischeri is often chosen as the first screening method in a test battery, based on speed and cost considerations [1] [2] [3] . V. fischeri has been used for more than 30 years in whole effluent toxicity testing (WET) [4] , waste water treatment efficiency evaluation [5, 6] , surface water and sediment quality monitoring [7] [8] [9] , ground water studies [10] , risk assessment [11] , and also as a model organism for fundamental studies on mode of action and toxicological pathways of various substances and mixtures [12] [13] [14] [15] [16] . Researchers have reported a good correlation of bioluminescence assay based on V. fischeri, the first and the most employed luminescent strain, with toxicity bioassays such as those on algae, crustacean, fishes, etc. [2, 17] , particularly in cases of organic pollutants like PAHs [10] , pesticides [11] , antibiotics and surfactants [1] .
The Pseudomonas putida growth inhibition test is another bacterial test used for screening purposes. Pseudomonas putida bacterium is used as a representative of fresh water heterotrophic microorganisms. A standardised test method [18] is used to determine the inhibitory effect of surface water, ground water, waste water, water soluble chemicals, compounds and mixtures, as well as to assess the efficiency of waste water treatment and bioremediation processes [19] [20] [21] .
Daphnia magna is, by far, the most frequently used aquatic test species for testing on single chemicals, mixtures of compounds, whole effluent assessment (WET) and environmental monitoring. In addition, it is commonly used for comparative studies on sensitivity of other ecotoxicological methods, including bacterial tests [22] [23] [24] .
Heavy metals, commonly present in poorly treated waste waters, contaminated surface waters and sediments, are easily identified as major toxicants in toxicity evaluation [22] [23] [24] [25] [26] using Daphnia magna acute tests, as this species is among the most sensitive standard test species to heavy metals (ECOTOX database.
http://cfpub.epa.gov/ecotox/ecotox_home. cfm). If the standard tests are expected to be replaced by rapid bacterial tests, a complex battery of alternative ecotoxicological tests that would be used in compliance and investigative monitoring should consist of test species and end-points sensitive to detect the presence of bio-available heavy metals. Due to insufficient waste water treatment, Cd, Zn, Pb are still present as the most frequently detected individual pollutants in industrial effluents in Serbia [26] . Therefore, the objective of this study was to evaluate toxicity of Cd, Zn, Pb and Mn to two bacterial species commonly used in toxicity screening -V. fischeri and P. putida in comparison to standard acute D. magna test, as well as to estimate applicability of selected bacterial test for toxicity testing of environmental samples suspected to be polluted with heavy metals. Furthermore, the background concentration of manganese in surface and ground waters is often quite high in some regions, e.g. in surface waters in the Province of Vojvodina, Serbia. According to the results of a long term official surface water monitoring programme (Annual Reports -Water Quality, http://www.hidmet.gov. rs/index_eng.php), concentrations of Mn in the Danube River often exceed 250 µg/l, they occasionally reach 400 µg/l in the Danube -Tisa -Danube canal system, while the Danube sediments contain up to 1 g Mn/kg. Thus, it is important to evaluate the sensitivity of test species and/or end-points to Mn to be able to distinguish between the toxicity caused by elevated concentrations of metals due to anthropogenic impact and Mn as a possible confounding factor.
Experimental Procedures

Daphnia magna acute toxicity test
Acute toxicity tests were conducted following the standardised ISO 6341 method [27] . The population of Daphnia magna Straus 1820 was grown, as previously explained [28] , in cultures of parthenogenetic females, 10 -15 adults per litre, at 20±2°C, in 1-litre borosilicate glass test vessels, in a photoperiod of 16-h light/8-h dark, with the light at about 800 lux. Reconstituted hard water was prepared in compliance with the standard method ISO 6341 [27] . Algae (Chlorella vulgaris, wild strain) were cultured in the laboratory on Algae broth 148 (Difco Laboratories -Detroit, Michigan, USA), at 25±2°C and used as daphnid food. As recommended [29] , daphnid cultures were fed with algae on a daily basis -1 ml (cell density >1 x10 7 cells per ml), and three times a week their diet was supplemented with 1 ml of YCT mixture -1:1:1 suspension of 5 g yeast/l (commercial yeast for human consumption), 5 g of dried cereal leaves/l (wheat was grown in water culture in the laboratory) and 5 g/l of digested fish flakes (commercial fish pellets No. 1 for aquaria fish).
To 50 based on the number of dead specimens was determined using Spearman -Karber regression model, version 1.0 (US EPA, http://www.epa.gov/eerd/stat2.htm). The Dunnett Programme, version 1.5 (http://www.epa.gov/eerd/ stat2.htm) was applied in data analysis -the survival of test animals in each treatment was compared to the control to estimate LOLC (lowest test concentration that has caused statistically significant impact on survival in comparison to control treatment, one-way ANOVA, followed by Dunnett procedure, P≤0.05). As the number of replicates was equal in all the treatments and the control, the selected software automatically applied ANOVA followed by the Dunnett procedure to determine if there were differences (P≤0.05) in the various treatments compared to control.
Vibrio fischeri luminescence inhibition test
Toxicity testing based on the luminescent bacterium V. fischeri NRRL B-11177 was performed following the standard ISO 11348-3:2007 method [30] , using the commercial tablets BioFix Lumi (contents sufficient for up to 100 measurements) of freeze-dried bacteria (Macherey-Nagel GmbH & Co. KG, Duren, Germany). The freeze-dried bacteria were reconstituted using the commercial reactivation solution (the same manufacturer as for bacteria tablets). The suspension was stabilised for 30 min at 4°C. The reconstituted luminescent bacteria suspension (cell concentration about 10 8 cells per millilitre) served as a stock suspension. Test suspension was prepared by diluting stock suspension with the solution for freeze-dried bacteria in the ratio of 1:50 (v: v) [30] . Test suspension, transferred into the test tubes (for each of the treatment and a control) was incubated at 15°C for 30 min. After 30 min of incubation, the initial luminescence (I 0 ) was measured using the BioFix LUMI 10 luminometer (Macherey-Nagel GmbH & Co. KG, Duren, Germany). Immediately after the measurement, the control and test solutions were added into the corresponding flasks. After 30 min of exposure to metals, the final luminescence (I 30 ) was measured. The relative toxicity of the sample was expressed as the percentage inhibition compared to a non-toxic control (bacterial suspension with water containing 2% NaCl). The result for each concentration was calculated as the percentage inhibition (H 30 ) relative to the control sample.
First, the correction factor (f k30 ) was calculated as follows: f k30 = I k30 / I 0 where I k30 stands for luminescence in control after 30 min, while I 0 is the initial luminescence.
Then, the corrected values of I 0 were calculated:
Finally, H -inhibition in each treatment was calculated following the equation:
where H 30 is the inhibition after 30 min (%) and I 30 is the intensity of bioluminescence after 30 min.
For evaluation of the concentration-effect relationships using linear regression, the gamma value was calculated for each dilution level using the following equation: 30 Tests were carried out in two replicates and two repetitions, using control treatment and five concentrations of each (four) test compound without any co-solvents. Range finding tests were performed prior to definitive tests using the same compounds, in the same concentration series as those performed with D. magna with the exception of Pb (0.06-312.78 mg/l). Definitive tests were performed using the range of geometric concentration series: 7.67-122.72 mg Cd/l, 2.84-45.44 mg Zn/l, 7.82-125.12 mg Pb/l; and 20.32-325.12 mg Mn/l. The dose-effect relationships were computed afterwards using a logistic algorithm. The 50% effective concentrations of inhibition were calculated with twoparameter logistic regression. The logarithm of the test compound concentration was plotted against the logarithm of gamma value. All calculations were done using Microsoft Excel 2002 and Origin 5.0 Microcal Software.
Pseudomonas putida growth inhibition test
The growth inhibition test was performed according to the ISO 10712 standard method [18] . A monoculture strain of P. putida (DSM 50026, MIGULA, Berlin) was used as the test strain. Stock solutions, nutrient media and bacterial precultures that were used later in tests had been prepared strictly following the standard procedure [18] . The substances used for tests on P. putida were the same as those for D. magna and V. fischeri tests. A range of logarithmic concentration series were prepared as follows: 0.006-60 mg Cd/l, 0.01-100 mg Zn/l, 0.004-39.1 mg Pb/l and 0.03-300 mg Mn/l. The tests were carried out in triplicates and two repetitions.
The deviation from the standard procedure was in the length of incubation period: the vessels were incubated for 24 -48 h instead of 16 h at 24±1°C in the dark. After the incubation, the turbidity in the test vessels was measured by spectrophotometer Nicolet Evolution 100 (Thermoelectro Corporation) at 436 nm. The effect on bacterial growth was determined by comparing bacterial density in the test vessel containing the test compound with that of the blank. The percentage of inhibition of cell proliferation (I) for each concentration of the tested compounds was calculated using the following equation:
where I is the cell proliferation inhibition [%]; B n is turbidity of the biomass measured after the test time for the n th concentration in the test vessel; B c is turbidity of the biomass measured after the test time in the control vessel; B 0 is the initial value of the turbidity of the biomass measured at the time point 0 in the control vessel. The logit values of I were plotted against the logarithm of the metal concentrations. The EC 50 values and 95% confidence intervals were calculated using GraphPad Prism Software.
Results
Daphnia magna acute toxicity test
Intralaboratory repeatability of the acute toxicity test with Daphnia magna was checked upon using CdCl 2 . The results of three non-simultaneous tests are presented in Table 1 . A low coefficient of variation, particularly in 48 h LC 50 estimation (8.8%) proved high reliability and repeatability of results.
Dose-response curves of acute Daphnia magna toxicity tests are presented in Figure 1 . The curves produced with the results based on 24 and 48 h test indicate slight time-dependant increase of toxicity. LOLC was recorded at 0.61 mg Cd/l, 1.14 mg Zn/l, 62.56 mg Pb/l and 32.5 mg Mn/l and did not change over timethe values after 48 h remained the same as after 24 h of exposure.
The Spearman Karber method was used to estimate LC 50 . The results of 24 and 48 h LC 50 are presented in Table 2 , together with the results of bacterial tests, to enable easy comparison.
The highest toxicity to D. magna was observed in test with Cd, followed by Zn. Toxicity of Mn appears to be low, while Pb exhibited the lowest toxicity to D. magna of the four tested metals.
Luminescent bacteria inhibition test
Dose response curves of range finding tests with V. fischeri and four tested compounds are presented in Figure 2 . It is interesting to notice their shape -each of the tested metals caused slight luminescence stimulation in lower concentrations, yet in the case of Pb and Zn it is statistically insignificant (P≤0.05).
LOEC was recorded at 61.32 mg Cd/l, 11.37 mg Zn/l, 6.26 mg Pb/l, and 325 mg Mn/l.
As tests did not result in typical ideal dose-response with a monotonous decrease in bioluminescence with increasing test concentrations, the definitive tests were conducted in different concentration series, to 24 . Arrows indicate statistically significant difference (increase or decrease) in comparison to control treatment (One-way ANOVA, followed by Dunnett procedure, P≤0.05) enable precise EC 50 estimates. The plots of the linear regressions are presented in Figure 3 . The estimated 30 min EC 50 values are summarised in Table 2 .
Zinc exhibited the highest toxicity to V. fischeri of all four tested metals. Toxicity of Pb and Cd appears to be low, while Mn is practically non-toxic to V. fischeri.
Pseudomonas putida growth inhibition test
The results of growth inhibition tests with P. putida are presented in Figure 4 . The calculated EC 50 values are presented in Table 2 . It is interesting to note that 50% growth inhibition has been reached only in the highest applied concentrations in three out of four tests (Pb, Mn and Zn). Only in the case of Cd was the 50% inhibition reached in the second highest concentration.
In growth inhibition tests with P. putida, Pb exhibited the highest toxicity of all four tested metals, followed by Cd. Toxicity of Zn appears to be low, while Mn is practically non-toxic to P. putida.
Discussion
Sensitivity of bacterial tests -comparison to D. magna
Daphnia magna toxicity tests showed high sensitivity to Cd and Zn, which is in accordance with the results summarised in ECOTOX database. The previously published data on Mn toxicity to D. magna are scarce, but the results presented in this paper are in accordance with the available references [31, 32] -toxicity of Mn to D. magna is low. Low toxicity of Pb (as Pb(NO 3 ) 2 ) and very similar results with this study -48 h LC 50 55.64 mg Pb/l -were previously reported [33] .
Very similar EC 50 values to those obtained in our study, but calculated based on the decrease of bioluminescence after 15 min exposure of V. fischeri to Zn, Pb and Cd were previously published [34] : 15 min EC 50 were as follows: Zn 10.5±0.18 mg/l, Pb 34.6 mg/l and Cd 56.8 mg/l. Considerably higher toxicity of Zn than Pb to V. fischeri observed in our study was has also been reported [17] : values of 15 min EC 50 were 3.5 and 30 ppm, respectively. Slightly higher toxicity of Pb in comparison to Cd observed in our study is in accordance with the findings of other authors [35] . Higher toxicity of Zn than Cd to V. fischeri, based on 15 min EC 50 values has already been reported [15] . The lack of sensitivity of Gram-negative bacteria towards cadmium (e.g. 15 min EC 50 V. fischeri 36.08 mg Cd/l, [16] ) has been reported by many authors [16, 24, 36] and attributed to the presence of exopolysaccharides on the outer layer of the bacteria membrane, which have been found to adsorb and trap cadmium [36] .
In our study, a significant hormesis type of response was obvious with Cd and Mn -the stimulation in the two lowest applied concentrations was statistically significant. A clear hormesis phenomenon caused by the presence of Cd(II) in low concentrations, under the conditions of both viability and growth-inhibition assays with V. fischeri has been already reported [37] .
Comparative sensitivity ranking of D. magna, V. fischeri and P. putida to Cd, Zn, Pb and Mn is given in Tables 3 and 4 .
In comparison to the results of our study, a slightly different ranking of the toxicity of individual metals to P. putida, although in miniaturised assay with 16 h exposure (therefore the exact EC 50 values are not directly comparable), was previously reported [19] : Cd (EC 50 1.58-2 mg/l) > Pb (EC 50 11.7 mg/l) > Zn (EC 50 8.2-17.3 mg/l) > Mn (EC 50 28.8-36 mg/l).
The results presented in this paper clearly showed that D. magna is the most sensitive out of three tested species to Cd, Zn and Mn, while P. putida was the most sensitive species to Pb. A comparative study of Cd toxicity (among other metal ions) to a battery of standard and potential test species [22] reported low sensitivity of a bacterial test (IC 50 2400 mg/l) in comparison to D. magna (24 h IC 50 0.64 mg/l). From the previously published results [24] , it clearly appears that in most cases the toxicity tests with D. magna were more sensitive to metals than V. fischeri tests. For example, in the case of Cd (Cd(NO 3 ) 2 x 4H 2 O) the 15 min EC 50 for V. fischeri was 36.08 mg/l, while the 24 h EC 50 for D. magna was 0.29 mg/l.
If the two bacterial tests under investigation are compared one to another, the growth inhibition test with P. putida proved to be more sensitive to Cd, Pb and Mn. Only in the case of Zn, was the bioluminescence inhibition test with V. fischeri found to be more sensitive.
Higher sensitivity of P. putida to Cd in comparison to V. fischeri has been previously reported [38] . In a miniaturised growth inhibition assay [19] , P. putida was more sensitive than V. fischeri to several heavy metal ions, including Cd, Zn and Pb. Only in the case of Mn, were lower values obtained with V. fischeri. However, the same authors [19] reported higher variation coefficient of EC 50 values in tests with P. putida than in those with V. fischeri.
A large scale study [39] on sensitivity of six microbiological toxicity tests, including Pseudomonas fluorescens, Saccharomyces cerevisiae and the Microtox ® test as a reference method on heavy metal toxicity, both in solution and wastewater, showed that the Microtox ® test was the most sensitive assay for detecting toxicity of zinc, copper, and mercury but not for cadmium, chromium, and nickel. Each test showed different sensitiveness to each metal, which is related to the different sensitivities of the organisms used in the assays, along with other contributing factors. Therefore, the cited authors concluded that it would be advisable to use a battery of tests for biological evaluation of metal toxicity.
In a comparative study [34] , QwikLite EC 50 values were generally one to two orders of magnitude lower compared to those for Microtox ® , indicating greater sensitivity of the dinoflagellate-based assay. In addition, EC 50 values for all three QwikLite dinoflagellate species were statistically lower than those for the Microtox ® assay for all metals tested. Although the QwikLite and Microtox ® methods differed in sensitivity, the correlation analyses revealed a very similar toxicity ranking between the test methods, with Ag + , Hg 2+, and Cu 2+ ranking as the top three most toxic metals, Zn 2+ ranking as moderately toxic, and Cd 2+ , Pb 2+ and Cr 6+ resulting in a relatively low toxicity for all species evaluated.
Species ranking
Daphnia magna Cd>Zn>Mn>Pb
Vibrio fischeri Zn>Pb>Cd>Mn
Pseudomonas putida Pb>Cd>Zn>Mn : ranking from the most sensitive to the least sensitive (from left to right)
Applicability of bacterial tests to assessment of environmental samples
The results of our study showed that Mn is only slightly toxic to D. magna and practically non-toxic to the two bacteria tested: P. putida and V. fischeri. Therefore, it should not be expected that Mn (even in regions with naturally high environmental concentrations) is a confounding factor. In other words, each of the tested species would be able to discriminate between high Mn background concentrations and elevated environmental concentrations of other pollutants potentially present in surface and ground waters.
In this study, we showed that D. magna is more sensitive to individually tested Cd and Zn than the two bacterial species, V. fischeri and P. putida. Not surprisingly, D. magna proved to have good discrimination capacity in WET testing of a wide range of wastewater types, including metal-processing industry, even in cases when the effluent quality was in compliance with the regulations [22, 26, 40, 41] . On the other hand, when only bacterial tests were applied in assessment of various environmental samples (not as a part of multitrophic battery of assays); the authors generally reported their good discrimination capacity [20, 42] .
However, when it comes to the use of a battery of tests, consisting of D. magna and bacteria, for effluents and other complex mixtures that are characterised by the presence of metals and various organic pollutants, the findings are contradictory to a certain extent. For example, when a battery of toxicity tests was applied for toxicity evaluation of metal plating effluents characterised by high concentrations of Zn, Cr, Fe and Cu [23] , the Microtox ® assay was not as sensitive as the acute and chronic cladoceran tests. Another similar example can be found in a study for wastewater quality control in a wastewater treatment plant by applying a test battery and chemical analyses [43] . The results indicated that the V. fischeri test had the poorest discriminating toxicity abilities as it was not able to detect the toxic effects of various pollutants present in the samples, while on the contrary, all the influent and some effluent samples were toxic to D. magna and S. capricornutum. In a large-scale study [44] , the conventional tests (including algal growth inhibition tests and D. magna immobilisation test) were found to be valuable for screening discharges for toxicity and seeking to identify the causes and sources of effluent toxicity. The rapid chemiluminescence and bioluminescence (V. fischeri) methods were not generally applicable, but the cited authors concluded that rapid tests may have a role if the results are well correlated with the standard method and can be readily interpreted in terms of the potential environmental implications. However, findings that confound these results are also frequently reported. For example, a large-scale study on potential harmfulness of industrial and urban wastewaters containing both metals and various organic pollutants [45] A bioluminescence (BL) inhibition assay is often chosen as the first screening method in a test battery, based on the speed and cost considerations [1] . However, since the bacterial assays tend to be, as it has been shown in our study, less sensitive to some of the important environmental pollutants such as heavy metals, the screening of environmental samples with V. fischeri or P. putida tests might result in false negatives and lead to flawed conclusions about the potential risks. The study of highly contaminated sediments from industrial wastewater canal (Pancevo, Serbia) over a contamination gradient [47] clearly showed that only a complex battery of various toxicity tests, (different trophic levels including bacterial tests and, consequently, different uptake routes) can discriminate between the impact of bioavailable metals and other toxic substances in environmental samples. The sediment sample with extremely high contents of Hg, As and total PAHs (but low content of the individual PAH compounds known to be the most toxic in the group) caused moderate bioluminescence inhibition in solid phase test with V. fischeri, but significant impacts to other test species in the selected battery. On the contrary, the sediment sample with the extreme contents of the most toxic individual PAH compounds, but lower total PAHs, Hg and As content in comparison to the site previously mentioned, caused significant bioluminescence inhibition in solid phase tests with V. fischeri. However, the response of other tested species was weaker (I. Planojevic, unpublished data).
Conclusions
Direct comparison of sensitivity of Daphnia magna, Vibrio fischeri and Pseudomonas putida to Cd, Zn, Pb and Mn revealed that the D. magna acute test is significantly more sensitive to Cd, Zn and Mn than the two bacterial assays -the bioluminescence inhibition test using V. fischeri and the growth inhibition test with P. putida, whereas P. putida seems to be the most sensitive species out of the three tested to Pb. Manganese appears to be only slightly toxic to D. magna and non-toxic to the two bacteria, which leads to the conclusion that even in regions with high background concentrations, Mn would not act as a confounding factor towards any of the tested species. Low bacterial sensitivity to heavy metals, particularly in the case of V. fischeri, question its applicability as the first screening method in assessing various environmental samples, especially if elevated concentrations of bioavailable heavy metals are to be expected. Therefore, it would not be advisable to replace D. magna as a screening species with bacterial tests. P. putida, V. fischeri and other bacterial tests should rather be applied in a complex battery of ecotoxicological tests, as their tolerance to heavy metals can unravel other potentially present toxic substances and mixtures, undetectable by metal-sensitive species.
